Growth of Streptococcus mutans Ingbritt in continuous culture (pH 7.0, dilution rate of 0.1 h-') at medium glucose concentrations above 2.6 mM resulted in repression of the sugar-specific membrane components, enzyme 1IGIc (EIIGic) and EIIMan, of the phosphoenolpyruvate:sugar phosphotransferase system (PTS). In one experiment, significant repression (27-fold) was observed with 73 mM glucose when the glycolytic capacity of the cells was reduced by only 2-fold and when the culture was still glucose limited. In a more comprehensive experiment in which cells were grown in continuous culture at eight glucose concentrations from 2.6 to 304 mM, in addition to repression of specific EII activities for glucose, mannose, 2-deoxyglucose, and fructose, synthesis of the general protein, EI, was repressed at all glucose levels above 2.6 mM to a maximum of 4-fold at 304 mM glucose when the culture was growing with excess glucose (i.e., nitrogen limited). The other PTS general protein, HPr, was less sensitive to the exogenous glucose level but was nevertheless repressed fourfold under glucose-excess conditions. The Km for glucose for EIIGIC increased from 0.22 mM during growth at 3.6 mM glucose (glucose limited) to 0.48 mM at 271 mM glucose (glucose excess). The shift from heterofermentation to homofermentation during growth with increasing glucose levels suggests the involvement of glycolytic intermediates, ATP, or another high-energy phosphate metabolite in regulation of the synthesis of the PTS components in S. mutans.
Streptococcus mutans, one of the principal etiological agents in dental caries (17) , transports a variety of sugars by the phosphoenolpyruvate (PEP):sugar phosphotransferase system (PTS) (2, 9, 12, 24, 25) . The PTS in oral streptococci, like many other bacteria (20, 23) , is a group translocation process that utilizes PEP as an energy source and substrate and catalyzes the sequential phosphorylation of the general, non-sugar-specific proteins enzyme I (El) and HPr, which are required for the uptake of all PTS sugars. In many cases, phospho-HPr (HPr-P), generated from phospho-EI, transfers the phosphoryl group directly to carbohydrate-specific, membrane-bound enzyme II (EII), which in turn phosphorylates the incoming sugar. In other cases, HPr-P transfers the phosphoryl group to a third soluble protein, called enzyme III (EIII), before interaction with EIl (7, 15, 16, 27, (30) (31) (32) (33) 35) . Current evidence suggests that the PTS in the oral streptococci is supplemented by additional transport activity coupled to proton motive force (9, 13, 14) ; however, data obtained with S. mutans Ingbritt have indicated that the glucose-PTS is the high-affinity system, whereas the proton motive force-associated transport activity is the low-affinity system (13) .
Continuous-culture studies with S. mutans Ingbritt have indicated that the growth environment regulates transport via the two systems (8, 9) , since earlier experiments with decryptified cells had demonstrated that the glucose-PTS was repressed by growth at low pH (11) , at high growth rates (5) , with sucrose (4) , and in the presence of excess glucqse (5) . More recent work has shown that the EII activity for glucose (EIIG"C) and mannose (EllMan), measured in isolated membrane preparations in the presence of excess El and * Corresponding author.
HPr, was repressed by as much as 62-fold under conditions of low pH, of high growth rates, and with excess glucose in comparison with optimal PTS conditions (i.e., glucose limitation, dilution rate [D] of 0.1 h-1, and pH 7.0) (34) . On the other hand, the concentration of HPr, measured by immunoelectrophoresis, varied only twofold under the same conditions. The results indicated that the glucose-PTS in S. mutans Ingbritt is regulated at the level of the sugar-specific EII component. Similar repression of EII activities for glucose, mannose, and 2-deoxyglucose of the PTS was recently reported for a fresh strain of S. mutans growing in continuous culture (22) . Unlike the study with S. mutans Ingbritt, in which only the amount of HPr and the activities various EIIs were estimated, the latter study also included measurement of the intracellular levels of El by rocket immunoelectrophoresis. The results showed that the cellular concentrations of EI, like EII activity, also varied with the growth conditions; the other soluble HPr, on the other hand, was not influenced significantly by varying environmental conditions.
We have now undertaken to study in more detail the repression by glucose of its own uptake via the glucose-PTS in S. mutans Ingbritt in order to better understand the control mechanisms involved. Cells were grown to steady state in continuous culture at glucose concentrations of as low as 2.6 mM to as high as 304 mM in two separate experiments. In each experiment, growth of the culture was initiated at the lowest glucose concentration to give glucoselimited conditions and was increased progressively such that the culture became nitrogen limited (i.e., glucose excess). Cells were collected at each glucose concentration, and the specific EII activities for glucose, mannose, fructose, and 2-deoxyglucose were measured in isolated membrane prep- (Table 2) . In all cases, the pH of the culture was maintained at 7.0, D was held at 0.1 h-' (doubling time of 7 h), and the gas phase was 5% CO2 in nitrogen. The pH in each chemostat was maintained automatically by addition of 2 M KOH. Daily routine maintenance of the chemostats was as described previously (10) . The (-20°C) , and 2 ml of PEMPP buffer was added per g of cells (30) . Alumina was removed by centrifugation at 3,000 x g for 5 min, and the cells and cell debris from the supernatant were sedimented by further centrifugation at 20,000 x g for 20 min. The supernatant was collected (S-20,000 fraction), and membrane fragments were sedimented at 110,000 x g overnight. The resulting pellet was suspended in 50 mM buffer containing 0.1 M KCl and centrifuged once more at 180,000 x g for 5 h. The membranes were then suspended in the same buffer containing 10% glycerol and frozen at -20°C.
Purification of EI and HPr. El and HPr were purified to homogeneity from glucose-grown batch cultures of S. mutans DR0001 as described by Rodrigue et al. (22) .
Assay for ElI activity. ElI activity was assayed by measuring the PEP-dependent phosphorylation of 14C-labeled sugars after incubation of isolated membrane fragments in the presence of an excess of the soluble proteins El, HPr, and EIII. In the initial experiment (A), EII 37°C, the phosphorylated product was separated by precipitation with 10 volumes of 0.03 M BaBr2 in 90% (vol/vol) ethanol by the method of Gachelin (6) . After 20 min at 4°C, the suspensions were filtered on 0.45-,um-pore-size membrane filters (type HA; Millipore Corp., Mississauga, Ontario, Canada) and rinsed twice with 2 ml of cold 80% ethanol. The filters were then counted for 14C in a liquid scintillation counter. Units of activity are expressed as nanomoles of sugar-phosphate formed per milligram of membrane protein per minute, and data are averages of three assays. The Michaelis constant (Kmn) for ETIGIC was determined with membranes prepared from cells growing at 3.6 and 271 mM under the above-described assay conditions with glucose at concentrations of between 0.15 and 3.0 mM.
In the second experiment (B), ElI activity in membrane preparations was measured in the presence of an excess of purified HPr and El isolated from S. mutans DR0001 and an excess of partially purified EIIIMan from S. salivarius ATCC 25975. To ensure saturation of ElI, a constant ratio of HPr, El, and ElljMan to EII membrane protein was maintained in all assays. The reaction mixture (600 jl) contained the following: 4 mM MgCl2, 2 mM PEP, 2 mM 2-mercaptoethanol, 10 mM NaF, 58 jig of HPr, 2.7 jig of EI, 25 and 50 jil of partially purified EIIIMan (19 mg of protein per ml) obtained after chromatography on DEAE-TSK (31), and 10 jil of membrane (5 mg of protein per ml) in 50 mM sodium phosphate buffer (pH 7.0). The reaction was initiated by addition of one of the following 14C-labeled sugars at 2 mM: glucose, mannose, 2-deoxyglucose, or fructose. After 30 min at 37°C, the phosphorylated product was precipitated and counted as described above.
Assay of EI and HPr. The cellular concentrations of El and HPr were determined by rocket immunoelectrophoresis, using rabbit antibodies directed against the purified El and HPr proteins isolated from S. mutans DR0001 by methods previously described (34) . The results are expressed as nanomoles of El or HPr per milligram of protein and represent the averages of three determinations.
Glucose phosphotransferase assay with decryptified cells. Cells of S. mutans Ingbritt were collected directly from the chemostat during steady-state growth and harvested by centrifugation (10,000 x g, 15 min). They were then washed twice in 10 mM potassium phosphate buffer (pH 7.0) containing 14 mM 2-mercaptoethanol and 4 mM MgCI2, resuspended in the same buffer to a concentration of 10 mg/ml, and frozen at -20°C. After thawing at room temperature, the cells were decryptified by incubating 1.0 ml of the cell suspension with 50 jIl of toluene in a closed vessel at 37°C for 12 min with gentle shaking as previously described (30) . After incubation, the suspension was diluted with prewarmed buffer and added to the reaction mixture, which consisted of 50 mM potassium phosphate buffer (pH 7.0), 4 mM MgCl2, 5 mM 2-mercaptoethanol, 10 mM NaF, 2 mM PEP, and 2 mM [14C]glucose (0.1 jiCi/jmol) in a total volume of 500 jil; controls contained no PEP. Since previous experience had indicated that the cell concentration was critical for optimum activity, each assay contained four cell concentrations, and the cell mass was varied until a constant specific activity was obtained. The cell concentration for most assays ranged between 52 and 250 jig of cells on a dry weight basis; however, the concentration of cells grown under high-HTS conditions was often lowered to between 15 and 75 jig/500 jil of reaction mixture. After incubation of the reaction mixture for 15 min at 37°C, the phosphorylated product was precipitated by ethanolic BaBr2, filtered, and counted as described above.
Measurement of glycolytic activity. The rate of acid production, or the glycolytic rate, from the anaerobic metabolism of glucose by washed cells was measured in a pH stat similar to that described previously (11) . Cells (10 ml) were removed directly from the growth chamber of the chemostat and immediately incubated anaerobically in a pH stat at 37°C, with the pH endpoint set at the pH of growth (7.0). After a 5-to 10-min period during which the endogenous glycolytic rate was established, glucose was added to a final concentration of 10 mM, and the glycolytic rate was recorded; additional glucose was not added to the cells growing with excess glucose (i.e., medium glucose of 133 mM and above). The reaction mixture was constantly mixed by a small magnetic stirring bar, and the gas phase was maintained with a stream of high-purity nitrogen. Constant pH was maintained by addition of standardized 0.2 or 0.4 M KOH from a Radiometer Autoburette (model ABU la).
Glycolytic activity was defined as nanomoles of metabolic acid neutralized per milligram (dry weight) of cell per minute. In all cases, at least two samples were removed at each steady-state condition to establish the rate, and the results of all assays were always reproducible within 10%. 34) . To test the effect of glucose concentration on the activity of the sugar-specific membrane components, EIIG"C and ElIMan, of the glucose-H'S, cells were grown at D of 0.1 h-' and pH 7.0, and the glucose concentration in the medium was varied from 3.6 to 271 mM (experiment A). Initial steady-state growth was achieved at 3.6 mM glucose, and the concentration was increased progressively in a stepwise fashion to 8.4, 21, 73, and 271 mM glucose, with cells collected during periods of steady-state growth at each glucose level; a minimum equilibration period of 10/D was allowed between glucose concentrations.
The culture was glucose limited at all glucose concentrations except 271 mM when the culture was nitrogen limited or growing with an excess of glucose ( Table 1 ). The specific activities of EIIGIC and ElIMan in membrane preparations in the presence of saturating concentrations of the soluble PHS components were similar and maximum at the lowest concentration (3.6 mM) of glucose used for growth. As the glucose concentration was increased, progressive substrate repression of both membrane components was observed such that at 73 mM glucose, when the culture was still glucose limited (i.e., there was no free glucose in the culture fluid), EIIG'C and ElIMan were repressed 27-and 32-fold, respectively. Increasing the medium glucose to 271 mM, thereby making the culture glucose excess, increased the repression by glucose to only 33-and 39-fold, respectively. Over the range from 3.6 to 271 mM glucose, the glucose-PTS, measured in decryptified cells, was repressed by almost 10-fold.
Of interest was the observation that the glycolytic capacity of the same cells was not affected to the same degree as was the glucose-PTS. For example, at 21 mM glucose, EIIGIC was repressed 11-fold, yet the overall glycolytic activity of the same cells was reduced only 20% when the cells were incubated in a pH stat with saturating concentrations of glucose. Even at 271 mM glucose, the glycolytic capacity of the cells was reduced only 2.5-fold at 271 mM glucose, which confirmed the presence of alternative glucose transport activity in the organism (5, 8, 9 The cultures were glucose limited at glucose concentrations of 44 mM and below, as indicated by an absence of glucose in the culture fluid when assayed with glucose oxidase ( Table 2) . The culture was, however, nitrogen limited (i.e., an excess of glucose) at glucose concentrations of 133 and 304 mM. As expected, the cell yield on a glucose basis decreased as the medium glucose level increased, with 65 g of cells per mol of glucose at 2.6 mM glucose to a low of 10 g/mol at 304 mM. As with the cells in experiment A (Table  1) , the glycolytic capacity of the cells was highest at the lowest glucose concentration and declined as the medium glucose level increased, with the glycolytic rate at 304 mM glucose fourfold lower than that at 2.6 mM glucose. A transition from glucose-excess (304 mM glucose) to glucoselimited (3.6 mM) conditions resulted in a return of the glycolytic capacity to the level observed initially at 2.6 mM glucose.
Repression of EIl activity. The specific ElI activities for glucose, mannose, fructose, and 2-deoxyglucose in membrane preparations of S. mutans Ingbritt in the presence of saturating concentrations of El, HPr, and EIlIMan were at a maximum at the lowest concentration used for growth (Fig.  1) . As the medium glucose was increased, progressive substrate repression of these activities was observed. A fivefold reduction in the specific activities for glucose and mannose Occurred at 30 mM glucose, a concentration that was still limiting for cell growth (i.e., no free glucose in the culture fluid in the growth chamber). Maximum repression in this experiment occurred at 304 mM glucose when the culture was in glucose excess, resulting in 11-and 8-fold repression of EIIG'c and EllMan, respectively. A return to low glucose levels (3.6 mM) after growth at 304 mM glucose resulted in derepression of EII activities to levels similar to those observed initially. The repression and derepression of EII activity with 2-deoxyglucose followed a pattern similar to that with glucose and mannose.
The specific EII activity for fructose was much lower in the glucose-grown cells of S. mutans Ingbritt; nevertheless, three-and fourfold repression of EII"ru activity was observed during growth with 30 and 304 mM glucose, respectively. A threefold increase in EII"ru specific activity was observed after the shift from growth at 304 mM glucose to growth at 3.6 mM glucose, which suggested that the control mechanism affecting activity for glucose and mannose also influenced that for fructose.
Glucose repression of El. Figure 2A illustrates the variation in the intracellular concentration of El as a function of the glucose concentration in the culture medium. As observed for the EII activities, the maximum level was observed at the lowest glucose level (2.6 mM). Increasing the glucose concentration resulted in a gradual decrease in the intracellular level of El, with a twofold reduction observed at 44 mM glucose under glucose-limited conditions. Increasing the glucose to 304 mM, which resulted in glucose-excess conditions, resulted in more severe repression (fourfold) of EI synthesis. Return of the culture to a low glucose-limited level (3.6 mM) did not result in significant derepression of El formation, although a slight increase was observed.
Repression of HPr. The change in the intracellular levels of HPr as a function of the glucose concentration of the growth medium is shown in Fig. 2B . As opposed to the results for El and Ell, formation of this protein was less sensitive to glucose repression under glucose-limited conditions. A con- (20, 21, 23) , less is known about repression of the system. Despite an earlier report (24) that the glucose-PTS in S. mutans is constitutive, repression of EII"c and EIIMan synthesis in oral streptococci is now known to occur during growth at low pH and high growth rates (34) , with lactose (30), and with increasing concentrations of glucose itself (34; Table 1 and Fig. 1 ). In our previous study with S. mutans Ingbritt (34), significant repression of ElI activity occurred during growth at low pH and high growth rates as well as with excess glucose. However, relatively minor variations (two-to threefold) in the cellular concentrations of El and HPr were observed under the same conditions, which suggested that these general proteins are not involved in regulation of the PTS. Similar experiments by Rodrigue et al. (22) with a fresh isolate of S. mutans confirmed the severe repression of specific ElI activity by growth at low pH, at high growth rates, and with excess glucose; however, these workers were able to show that growth with excess glucose at high growth rates resulted in a fivefold repression of the cellular content of El. In this latter study, the intracellular concentration of HPr was not significantly influenced by the varying growth conditions.
The results of this study demonstrate repression of the synthesis of the soluble and membrane components of the PTS in S. mutans Ingbritt by glucose. Of particular interest was the fact that significant repression of El, the various ElI, and, to a lesser extent, HPr activities occurred during glucose-limited conditions when free glucose could not be detected in the spent medium. During this phase, the severity of the repression increased as a function of the medium glucose concentration. Clearly, the specific ElI activities were more sensitive to the repressive effects of glucose than were quantities of the general soluble proteins, El and HPr. With the exception of El, a reduction in the glucose concentration in the chemostat to a level typical of that at the initial phase of the culture resulted in derepression of enzyme synthesis. The HPr profile seen in Fig. 2B is different from those of EI and the Ells, which suggests that formation of this protein is regulated by a separate process. This may also be the explanation for the minimal derepression of El synthesis when the culture was returned from a medium glucose concentration of 304 mM (glucose excess) to the glucose-limiting concentration of 3.6 mM. It is also possible that the El level would have approached that of the initial culture had growth in the chemostat been continued for a longer period. The need for a higher level of PTS components at very low concentrations of glucose can be rationalized by the physiological requirements of the cell. Under such conditions, the rate of transport catalyzed by the Ells will be low since the effective substrate concentration in the chemostat will be below the Km for the enzyme. For example, the incoming medium was shown to be as high as 73 mM (Table 1 ) and yet the culture remained glucose limited, since the amount of glucose that could be detected in the medium at any time was less than 50 ,uM. Thus, under these conditions, a high level of EII is required to ensure a rapid uptake of sugars and maintain the energetic balance of the cell. As the glucose concentration in the medium increases, the rate of uptake catalyzed by the Ells should be accelerated; consequently, less enzyme is necessary to catalyze the transport of the same amount of exogenous substrate per unit of time. The decrease in the synthesis of ElI is further supplemented by a decrease in the affinity of the enzyme for glucose; these changes can be seen in a decline in the glycolytic capacity of the cells (Tables 1 and 2 ).
Previous data for S. mutans Ingbritt indicated that as the medium glucose concentration is increased, the glucose-PTS is supplemented by additional transport activity driven by proton motive force (8, 9, 13, 14) . As the glucose concentration increases, the metabolism of the cell shifts from heterofermentation to homofermentation (Table 3) , which should favor the transport of glucose by the proton motive forceassociated active transport process, since this process would be increasingly supported by the extrusion of protons via lactate efflux (19, 26) . Under these conditions, glucose metabolism after transport by the PTS or by the active transport process will result in a net gain of two ATPs. Use of the active transport system would be energetically beneficial to the cell, since cell synthesis, assuming a system composed of only a membrane carrier protein, would require less energy than would the multicomponent PTS system. The repression of the glucose-PTS at high glucose concentrations would also help to prevent the so-called sugar killing observed with cells exposed to high concentrations of sugar (3) .
The regulatory mechanisms involved in the observed repression of the PTS genes in S. mutans are currently unknown; however, one group of compounds known to be influenced by the exogenous glucose concentration consists of the glycolytic intermediates and ATP (35) . Extracellular free glucose cannot be a factor, since significant repression occurred when the medium glucose concentration was essentially zero (Tables 1 and 2 ). Of the possible intracellular elements, sugar phosphates are known to inhibit both the activity and the synthesis of PTS proteins in both gramnegative and gram-positive bacteria (20, 21) . For example, the accumulation of xylitol-5-phosphate by Lactobacillus casei has been shown to repress the synthesis of ElIxtx without affecting the formation of EIIIxtI (18) , and the accumulation of intracellular 2-deoxyglucose-6-phosphate by S. lactis has been shown to repress the synthesis of EliMan (28) . Such may be the case for S. mutans Ingbritt, since the concentration of this and other glycolytic intermediates would increase in direct relationship to increases in the external level of glucose (36) . Furthermore, one cannot exclude the possibility that oral streptococci have a form of catabolite repression of the PTS genes involving cyclic AMP-dependent processes (29) or some form of regulation involving HPr (Ser)-P, which is generated in gram-positive bacteria by the ATP-dependent phosphorylation of HPr (21) .
